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S. Introduction

Neurofibromatosis type 1 is a common autosomal dominant tumor-susceptibility disorder
(Mulvihill, 1994). Virtually every affected individual develops benign cutaneous
neurofibromas, while the development of other tumors such as plexiform neurofibromas,
malignant myeloid disorders, and neurofibrosarcomas are a less common complication
(Riccardi, 1993; Shannon ef al., 1994). The subject of this research project is to investigate
the genetic mechanisms and pathology underlying both germline and somatic microdeletions
involving the NF1 gene. Two hypotheses will be tested. In 1994, we hypothesize that the
early age at onset of cutaneous neurofibromas observed in patients with a germline NF1
microdeletion (Kayes et al., 1994; Kayes et al., 1992; Leppig et al., 1997, Leppig et al., 1996;
Wu et al., 1997, Wu et al., 1995) was due to co-deletion of another gene that potentiates
neurofibromagenesis. To test this hypothesis, we will ascertain additional deletion patients,
construct a fine map of the region, map each patient's deletion breakpoints, and look for
genotype/phenotype correlations. Secondly, children with NF1 are at increased risk of
malignant myeloid disorders (Miles ez al., 1997; Mulvihill, 1994; Shannon et al., 1994).
Among such cases, approximately 50% of the primary leukemic cells showed loss of
constitutional heterozygosity (LOH) at the NF1 locus (Shannon ef al., 1994). We recently
identified a patient whose LOH resulted from the novel somatic rearrangement of interstitial
isodisomy, presumably due to double mitotic recombination. The novelty of this
rearrangement led us to hypothesize that it may be a frequent mechanism of LOH at the NF1
locus and/or contribute directly to leukemogenesis. To test this hypothesis, we proposed to
ascertain additional patients, map the loct on chromosome 17 that showed LOH, determine
parental origin of allelic loss, and determine the underlying molecular mechanism of the
somatic rearrangements and their contribution to malignancy.

6. Body

A. Progress on Technical Objective 1: To identify additional patients with large

germline NFI deletions.

Task 1: Months 1-6: develop and optimize an NI/ gene dosage PCR assay for detecting
deletions at the 5' end of the gene.

Task 2: Months 4-7: assay the ~105 DNA samples currently in the lab for 3' N// deletions.

Task 3: Months 1-25: obtain pathological tissue samples or purified DNA from NF1 clinic
patients: perform the 5' and 3' NI*1 gene dosage PCR assays for all samples; calculate
the NFI gene dosage to identify deletion patients.

Task 4. Months 20-25: Determine the frequency of NF'/ deletions. Write a manuscript on
deletion screening protocol and frequency.

The timeline for accomplishing Objective 1 was altered for 3 important reasons. First,
we chose to focus on and complete Objective 2 and 3 (see below) because samples were
available earlier than expected and the results were so exciting. Second, the results from
objective 2 will facilitate designing optimal gene dosage assays for screening. Third, we chose
to wait for delivery of a new instrument that we can use to development of an automated gene
dosage PCR assay.




a. [Tasks 2 & 3]. We have begun screening our collection of NF1 patients and have
identified additional patients with NF1 microdeletions. This screening was performed using
the manual NF1 PCR gene dosage assay developed in my laboratory (Figures 1 and 2).

A manuscript detailing these results was submitted. The reviewers requested
additional clinical information on the new deletion patients. After considerable efforts to
obtain, this information is now being incorporated into the revised manuscript. K.
Maruyama, M. Weaver, K A. Leppig, R. Farber, A. Aylsworth, Michael Dorschner, J.
Ortenberg, A. Rubenstein, L. Immken, E. Haan, C. Curry and K. Stephens. Quantitative PCR
gene dosage assay for detection of NF1 contiguous gene deletions. Submitted, in revision.

b. [Tasks 1 & 3]. The detailed physical map of the deleted region (see Objective 2 below)
permits us to design gene dosage assays to specifically detect patients with breakpoints in the
NF1REP regions or patients with novel breakpoints. Specific assays will facilitate the
identification of patients with novel deletions thereby allowing us to deletion map the location
of the putative gene that potentiates neurofibromagenesis. Our previous gene dosage assay
for exon 32 of the NF1 gene was performed manually with radioactive labeling, co-
amplification of cloned control sequences, gel electrophoresis, and quantitation of product by
phosphorimage analysis. To bypass the significant time required to construct and clone the
proper control sequences for each locus, and the time consuming aspects of the assay, we
have developed an automated fluorescent PCR gene dosage assay that can quickly be adapted
for NF1 or even anonymous loci across the deleted region.

i

BEGIN PROPRIETARY INFORMATION,

Automated gene dosage assay. The accumulation of PCR product during
amplification can be quantitated by measuring the increase in fluorescence of a dye such as
SYBR green I when bound to double-stranded DNA. Real-time detection of PCR is
accomplished with the use of an ABI sequence detection system 7700, which has a built-in
thermal cycler. Fluorescence emissions are guided through 96 individual fiber optic cables
after excitation by a laser and detected by a CCD camera. The amount of SYBR green
fluorescence is compared to an internal passive reference, ROX, during each PCR cycle.
During the initial cycles of amplification, little or no change in fluorescence is detected, which
represents a baseline. When the fluorescence signal reaches a fixed threshold above the
baseline, a fractional CT (threshold cycle) can be determined. The comparison of CT values
between a control disomic locus and a target locus can be used to determine the relative
quantity or starting copy number of a given template. Alternatively, a standard curve can be
constructed using CT values allowing for more absolute quantitation. Adaptation of this
technology to determine gene copy number is a rapid and inexpensive alternative to
conventional, isotopic methods.

We have developed a SYBR green gene dosage assay to detect NF1 microdeletions
from genomic DNA. Primers designed to amplify a 55 bp fragment of exon 32 of the NF1
gene and another set specific to a 53 bp segment of exon 8 of the LIS1 (Lisencephaly 1) locus
are used to determine the copy number of the NF1 gene. LIS1 is used as the disomic control
because all living individuals would be disomic at this locus. To determine whether a patient
1s disomic or monosomic for NF1, a comparative CT calculation is made. First, the
difference of CT values for LIS1 and NF1 is determined for a sample known to be disomic for
NF1. Second, the same calculation is made for an “unknown” sample. These “difference”




values are used in the standard formula, 27*“" (Figure 3). Values near 0.5 would represent

NF1 monosomy, while values approaching 1.0 would designate disomy. We have established
reference ranges for monosomy ranging from 0.35 to 0.65 and disomy from 0.85 to 1.15. A
sample of the ABI SDS 7700 data output and comparative CT calculation

for the NF1 exon 32 assay is shown in Figure 3. In addition, we have developed two similar
assays for the EST loci SGC34232 and IB518, which are located ~200 kb on either side of the -
NF1 gene (Figure 4 below). The dosage values of these loci can be used to determine whether
an entire copy of the NF1 gene has been deleted or possibly a portion of the gene.

Adaptation of this technology to determine gene copy number provides a rapid and
inexpensive alternative to conventional, isotopic methods. Since this system directly examines
copy number of a given locus, reliance on the informativeness of polymorphic loci commonly
used for loss of heterozygosity studies is eliminated. New dosage markers can also be
developed very quickly.
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Figure 1. Example of the NF'/ gene dosage PCR assay. The four products of the assay are 310 bp NF/
and 232 bp APP fragments amplified from the subject’s genomic DNA and 290 and 212 bp fragments
amplified from the internal standard (1.S.) sequences in plasmids pKM204 and pKM201, which were
spiked into the reaction. An autoradiograph is shown for illustration purposes only, products were
quantitated by phosphorimage analysis. The ratio of genomic to I.S. product for each gene (boxed values)
and the NI/ gene dosage (bold value), which is the quotient of the ratio of NF/ products over the ratio of
APP products (Celi et al. 1994), were calculated. :

Figure 2. Distinct distributions of gene dosage values of NF1 disomic and monosomic control subjects.
Genomic DNA from 21 unaffected individuals (presumed disomic at NF/) and from 11 individuals
monosomic for NF/ were assayed as described in Materials and Methods. Although duplicate reactions
were carried out for all samples, Figure 3 shows one randomly selected outcome per subject. Box plot
indicators are: arithmetic mean (closed square), median (50%; horizontal line bisecting open box), upper
and lower quartile (75% and 25%; top and bottom boundaries of open box, respectively), upper and lower
decile (90% and 10%,; upper and lower limits of vertical line); outlying data points (dots extending from
vertical line). 1.2+

NF1t gene dosage
o
[=)]
1

' N
Control Hemizygous
subjects subjects
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NF1
disomy

NF1 =
monosomyg = =i

ACT=~1
A. Disomic control sample: B. Unknown sample: C. Calculate the dosage value: .

Lis1 Cy-Ex32Cy=0 Lis1Cr-Ex32Cy: =1 ~AACT - (1-0) _
21 - 21 =0 21 - 2 =1 2 =2 =0.5
therefore: ACt =0 therefore: ACT =1

A dosage value of .40 -.60 is consistent with NF1 monosomy
A dosage value of .85- 1.10 is consistent with NF1 disomy

Figure 3 : Data output and sample comparative CT calculation. The panels above show data
output from the ABI SDS 7700. Each PCR reaction is run in triplicate and an average CT is used

for dosage calculations. The almost complete overlap of the amplification curves demonstrates
the reproducibility of the reactions. Comparison of the amplification curves between NFI
disomy and monosomy shows a shift of the NFI curve from left to right indicating the addtional
cycle(s) required to reach the Ct threshold due to the difference in NFI copy number.




END OF PROPRIETARY INFORMATION,

B. Progress on Technical Objective 2: Identify a critical deletion region associated
with early onset of neurofibromas.

Task 1: Months 1-12: Map the location of additional loci to the NF'/ region by somatic cell
hybrid analysis; identify any physical intervals that lack markers.

Task 2: Month 13-14: Write a manuscript describing the physical map of the NF/ region;
assess the need for identification and mapping of new marker loci to certain physical
intervals. If necessary, obtain YACs, PACs, cosmids of the intervals.

Task 3: Months 14-20: Perform FISH to confirm that the large physical clones map to the
interval of interest. Make a plasmid library, screen for single copy clones, sequence,
and design primers to map new markers on somatic cell hybrid panels to the critical
interval.

Task 4: Months 1-30: construct hybrid cell lines from lymphoblasts of newly identified
deletion patients; delineate the extent of the deletions by genotyping of regional
markers on hybrid lines.

Task 5: Months 20-36: determine if there is a correlation between deletion extent and age of
onset of neurofibromas; write a manuscript of study results; assess whether an NFJ/
gene dosage PCR assay or FISH assay to detect deletion of the critical region has
sufficient predictive value to warrant development of a diagnostic test.

a. [Tasks 1 & 2]. In collaboration with Dr. Anthony Harmar’s laboratory, we have mapped
the serotonin transporter (SLC6A4) and the carboxypeptidase D (CPD1) genes to the to
marker region 5, which is just centromeric to the cenBCR. These 2 genes are deleted in
patient UWA106-3#36 who carries the largest microdeletion identified to date. Because these
genes are not deleted in 16 other unrelated microdeletion patients, it is unlikely that their
haploinsufficiency contributes to the early onset of neurofibromas.
Details of this research are in the attached manuscript:
Shen S, Battersby S, Weaver M, Clark E, Stephens K, Harmar AJ. Refined mapping
of the human serotonin transporter (SLC6A4) gene within 17q11 adjacent to the CPD and
NF1 genes. Eur J Hum Genet, in press.

b. [Tasks 1, 2, 4]. To validate our manual gene dosage assay, 30 patients with early onset
neurofibromas, atypical facial features, mental retardation, and/or other findings suggestive of
a contiguous gene deletion were screened (Table 1, below). The assay predicted that 21
patients were disomic at NF'/, 6 monosomic at N/, and 3 were of "intermediate" NF'/
zygosity. Fluorescent in siti hybridization and somatic cell hybrid analyses provided physical
confirmation that the 6 apparent monosomic patients were deleted for about 1- 2 Mb, which
spanned an entire NI/ allele and contiguous flanking regions. All of the centromeric and
telomeric microdeletion breakpoints were clustered in two discrete marker intervals. The
centromeric breakpoints mapped between D1751294 and UT172, while the telomeric deletion
breakpoints mapped between D1751800 and D17S798. These data suggest the presence of
recombination-prone sequences that flank the NI/ locus. The development and application of
PCR-based gene dosage assays for loci across a deleted region will provide rapid
identification and genotyping of patients with mlcrodeletlons for detection of
genotype/phenotype correlatlons




A manuscript detailing these results was submitted. The reviewers requested
additional clinical information on the new deletion patients. After considerable efforts to
obtain, this information is now being incorporated into the revised manuscript. K.
Maruyama, M. Weaver, K.A. Leppig, R. Farber, A. Aylsworth, Michael Dorschner, 7.
Ortenberg, A. Rubenstein, L. Immken, E. Haan, C. Curry and K. Stephens. Quantitative PCR
gene dosage assay for detection of NF1 contiguous gene deletions. Submitted, in revision.

c. [Tasks 1,3,4,5]. We have constructed a 3.5 Mb BAC/PAC/YAC contig at chromosome 17q11.2
(Figure 4). Analysis of somatic cell hybrids from microdeletion patients showed that 14 of 17 cases
had deletions of 1.5 Mb in length. The deletions encompassed the entire 350 kb NF1 gene, 3
additional genes, 1 pseudogene and 16 ESTs. In these cases, both proximal and distal breakpoints
mapped at chromosomal regions of high identity, termed NF1REPs. These REPs, or clusters of
paralogous loci, are 15-100 kb and harbor at least 4 ESTs and an expressed SH3GL pseudogene.
(Figure 5). The remaining 3 patients had at least one breakpoint outside of an NFIREP element; one
had a smaller deletion thereby narrowing the critical region harboring the putative locus that
exacerbates neurofibroma development to 1 Mb. The physical features of the 13 unrelated NF1
microdeletion patients and the 4 members of family UWA166 are summarized (Table 2). There were
no obvious differences detected between the features present in those individuals with the common
NF1 deletion and the three with deletions of different lengths. No single feature was present or
absent consistently within either group. The location of the putative gene that potentiates
neurofibromagenesis was narrowed to an interval of 1 Mb between FB12A2 and SH3GLP1, as
defined by the deletion of patient UWA113-1 (Figure 4). This critical region is known to harbor 4
genes, 2 pseudogenes, and 7 ESTs (Figure 4). Together, these data indicate that the likely
mechanism of NF1 microdeletion is homologous recombination between NF1REPs on sister
chromatids. :
NF1 microdeletion is the first REP-mediated rearrangement identified that results in loss of a
tumor suppressor gene. Therefore, in addition to the germline rearrangements reported here,
NF1REP-mediated somatic recombination could be an important mechanism for the loss of
heterozygosity (LOH) at NF'/ in tumors of NF1 patients. In fact, we hypothesize that the somatic
deletions leading to LOH in leukemic cells of a subset of NF1 patients (see below) may arise by REP-
mediated recombination. As detailed in the attached manuscript, these data have broad applications
to the mechanisms of somatic rearrangements during neoplasia.

A manuscript detailing this work is in the appendix. It was provisionally accepted by Human
Molecular Genetics journal pending minor revisions, which have been made.
Dorschner MO, Sybert VP, Weaver M, Pletcher BA, Stephens K. NF1 microdeletion breakpoints are
clustered at flanking repetitive sequences. Hum Mol Genet, submitted.

Therefore, Objective 2 is nearly complete. We are currently defining the length of the NF1-
REPs, determining if there is a recombination hotspot, and mapping the novel recombination
breakpoints. We hypothesize that these breakpoints occured at regions that have "partial" NF1REP
sequences. In addition, we plan to map the novel deletions of any additional patients that are
identified in Objective 1. ’
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Legends for Figures below:

Figure 4. Physical contig of the NF/ region. The thick black bar is a schematic of the chromosome 17q11.2
region with STS loci placed above the bar and genes and EST loci below. The BAC, PAC, and YAC clones
comprising the contig are shown above; open elipses are aligned with the loci on the chromosome schematic and
indicate a positive hit in the clone; sequenced BAC/PAC clones are indicated with an asterisk. Vertical bars at
the ends of BACs represent insert termini that were sequenced and submitted to Genbank, but not converted to
amplimers. Scale in Mb is at the top of the figure. The size and extent of microdeletions of NF1 patients are
shown below the chromosome. The common NFI deletion region was identified in 14 out of 17 unrelated
patients; while 3 patients had novel deletions as shown. The open boxes represent flanking repetitive sequences
(NF1REP) where the majority of breakpoints mapped.

Figure 5. NFIREP domains on chromosome 17. The locations of the three NFIREP regions, designated -P, -
M, -D for proximal, medial, and distal are shown along with the 5 loci they are known to contain. In addition,
the closest unique marker flanking each REP is indicated. The cross-hatched bar represents the 1.5 Mb region
commonly deleted in NF/ microdeletion patients. ’
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C. Technical Objective 3: To determine if somatic uniparental disomy (UPD) of the NF1

region is a frequent event in leukemic tumor tissue and to investigate somatic mechanisms of

uniparental disomy.

Task 1: Months 1-12: obtain additional tumor samples and determine their NF'/ gene dosage by the
gene dosage PCR assay; confirm by NF/ FISH that tumors predicted to undergo LOH by
UPD have two NF1 alleles, while those predicted to result from LOH by deletion have one
NF 1 allele; determine the frequency of UPD-LOH.

Task 2: Months 10-25: Map the extent of each uniparental disomy region; assay normal tissue for
mosaicism for the UPD of the NFI region; write a manuscript addressing mechanisms of
UPD-LOH.

This Objective 3 is nearly completed and two manuscripts are currently being written. Because the
results of this study were so remarkable and novel, we decided to focus on this aim earlier during the
study period than was anticipated in the original Statement of Work.

a. The patterns of LOH at chromosome 17 loci were analyzed to gain insight into the mechanisms
leading to allelic loss of NI/ in primary leukemia cells of NF1 children. Analysis of bone marrows by
gene dosage PCR and interphase FISH from 11 unselected cases (Tables 3 and 4) showed that LOH
occurred by two distinct mechanisms, each of which resulted in loss of the normal NF/ allele. Three
tumors (30%) had interstitial microdeletions between D1751294 and D17S250, an estimated distance
of 22 cM or 17 Mb that spanned the normal NI/ gene at chromosome 17q11.2 (Figure 6). The
remaining 8 cases (70%) resulted from isodisomy for a 50 Mb chromosomal segment harboring a
defective NF allele. In at least 4 of these cases, the isodisomic segment was interstitial to the
chromosome 17q arm and estimated to be 55 Mb in length. ‘
This is the first report of interstitial isodisomy at common breakpoints as a mechanism

of LOH (Table 5). We propose that interstitial isodisomy arose by a double mitotic

recombination event between non-sister chromatids during the S/G2 phase of the cell cycle of

an ancestral cell. Remarkably, the isodisomic breakpoints in all 8 cases examined were in a

2.7 cM centromeric interval between D175959 and D1294, an estimated physical length of

5.3 Mb. The telomeric breakpoints in 4 cases mapped to a 9.6 cM interval flanked by
D1751822/D17S1830 and D17S928, an estimated physical length of 7.2 Mb. The clustering

of the both LOH breakpoints suggests the existence of recombination-prone sequences in

these regions of chromosome 17. While functional inactivation of neurofibromin is apparently
sufficient for the myeloproliferative phenotype, these data suggest a putative role of modifying
locus on chromosome 17 that may contribute to the development of leukemia. This locus may

in fact be low copy number repeat sequences and/or sites that predispose to chromosome

breakage, which together facilitate the double mitotic recombination events leading to LOH.

A manuscript detailing this work is currently being written. Karen Stephens, Molly

Weaver, Kathy Leppig, Kyoko Maruyama, Elizabeth M. Davis, Rafael Espinosa, III, Melvin

H. Freedman, Peter Emanual, Lucy Side, Michelle M. Le Beau, Kevin Shannon. Tumor
suppressor inactivation by double mitotic recombination at clustered breakpoint intervals. In
preparation.
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Table 3. NF1 gene dosage in bone marrows of NF1 children with malignant myeloid disorders.

Patient Age at Origin of LOH at NF1 Gene Predicted NF/
No. Sex  Onset Diagnosis NFI mutation ~ NFI/ Locus | Dosage Value®®  Gene Coby No.*
1 M 9 mo MPS de novo maternal 0.99 disomy
(paternal)
2 M 10 mo AML paternal maternal 0.93 disomy
3 M 24 mo  monosomy 7 unknown maternal 0.96 disomy
4 M 14 mo JIMML maternal paternal 0.86 disomy
5 F 30 mo JMML maternal paternal 094 disomy
6 M 10 mo JMML maternal paternal 0.87 disomy
7 M 5mo  monosomy 7 maternal paternal 0.90 disomy
8 F 18 mo MPS paternal maternalf 0.85 disomy
9 M 5yr JIMML maternal palern;ﬂ 0.57 monosomy
10 M 19 mo  monosomy 7 de novo maternal® 0.48 monosomy
11 F 18 mo JMML unknown probable 0.44 monosomy

*Data from this manuscript.

® Measured in unfractionated bone marrow cells, except patients 3, 9 for whom leukemic cells in
peripheral blood were used.
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Table L. Interphase fluorescence in situ hybridization analysis of bone marrow samples.

Patient Chr. 17 Number of Hybridization Signals Control Number of Hybridization
0 1 2 3 >4 0 1 2 3 >4
3 Cep®1 0 6 87 3 4
P1-9 0.6 14 84 1 04 263P1 0 90 2 0.4
P1-12 1 13 80 6 0 263P1 0 9 88 2 1
3 P1-9 4 4 92 0 0 Cep®7 O 92 8 0 0
P1-12 2 4 94 0 0 Cep®7 O 89 11 0 0
4 Cep®1 0 5 20 2 3
P1-9 0.5 10 86 3 053 263P1 0 12 84 2 1.5
P1-12 0.5 13 78 8 0/5 263P1 0.4 7 92 06 O
5 Cep®1 0 6 93 0 1
P1-9 6 7 82 4 1 263P1 1 4 90 4 1
P1-12 0.4 6 90 26 1 263P1 0.2 93 05 1.5
6 Cep®1 0 2 97 1 0
P1-9 1 5 95 0 0 263P1 0 25 74 1 0
P1-12 1 9 76 12 2 263P1 0 15 - 84 0 1

10 Cep®1 08 306 95 06 0

Pi-12 4 29 67 0 0 263P1 0 3 97 0 0
C1 Cep®1 0 6.4 93 06 0

P1-9 3 7 89 1 0 263P1 2 3 86 5 4

P1-12 2 3 89 2 2 263P1 0 7 9 1.5 15
C2 Cep®1 1 3 95 1 0

P1-9 2 22 76 0 0 263P1 1 19 79 1

P1-12 0.5 7 86 5 1.5 263P1 1.6 6 88 3 14
C3 Cep®1 0 5 9% 0 0

P1-9 1.5 12 81 4 153 263P1 0 8 90 2 0

P1-12 0 9 8 34 26 263P1 0 8 89 2 1
C4 Cep®1 0 96 0 0

P1-9 0.5 11 83 1.5 2 263P1 0.5 9 88 2 0.5

Pi-12 0.5 9.5 85 4 1 263P1 0.5 17 82 05 0
C3 Cep®1 0 6 93 1 0

P1-9 1 6 92 0.5 0.5 263P1 0.6 4 95 02 02

Pl-12 0 5 94 1 0 263P1 0 3 96 0.8 02

Controls  Cep®1
N=10 Mean 015 453 95 024 0.15
S.D. 0.19 0.79 083 025 0.16

*Probe 263P1 is a 70 kb PAC clone containing D55479 (chromosome band 5q31 ; Cep®17 and Cep®7 are

centromere-specific probe for chromosomes 17 and 7, respectively.  Patients no. 3-6 are described in Table 1. C1

18




is a cryopreserved bone marrow sample from a patient with AML-M4 in complete remission. C2-C5 are
cryopreserved bone marrow samples from 4 children with myeloid leukemias that retained heterozygosity at the
NF1 locus. YThe distribution of signals for the chromosome 17 centromere-specific probe was determined by the

interphase analysis of bone marrow cells from 10 healthy individuals.
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Figure 6
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Figure 6 . Identical chromosome 17 oci showed LLOH in both primary leukemic and lymphoma
cells. The bars represent a schematic of the patient's paternally-derived chromosome 17 in specific
tissues tested. Loci that showed LOH are in the shaded regions, while loci that retained
heterozygosity are in the open regions. The location of loci are depicted on the chromosome
ideogram with interlocus genetic distances in centiMorgans (cM) to the left of each interval as
estimated from a chromosome 17 sex-averaged map (http://www.marshmed.org/genetics/). Data
illustrating the retention of heterozygosity at the D17S805 locus and the loss of heterozygosity at
the D17S1294 locus are shown to the right. DNA samples are lane 1, patient's unaffected father;
lane 2, patient's mother affected with NF1; lane 3, patient's unfractionated bone marrow; lane 4,
patient's unfractionated lymph node; lane 5, CD3-positive cells from the lymph node; lane 6, CD4-
positive cells from the lymph node; positive and negative controls are not shown. For each locus,
two alleles designated simply as A and B are segregating in this family.
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b. We have also mapped the LOH region in different tissues from a child with juvenile
monomyelocytic leukemia (JMML), who later developed a T cell lymphoma. We have demonstrated
that the mechanism of LOH was by an interstitial deletion and that the LOH regions were identical in
length in the B cells, lymph node, and sorted cells from the node (Figure 7). These data show that the
malignant JMML and lymphoid cells shared a common loss of genetic material involving the NF1
gene, suggesting that the abnormal T lymphoid and myeloid populations were derived from a
common cell. These data support the hypothesis that JIMML can arise in a pluripotent hematopoietic
cell.

A manuscript detailing this work is currently being written. Cooper LIN, Shannon KM,
Loken M, Weaver M, Stephens K, Sievers EL. Evidence that huvenile myelomonocytic leukemia can
arise from a pluripotential stem cell. In preparation.
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Figure 7 . Identical chromosome 17 loci showed LOH in both primary leukemic and lymphoma cells. The bars
represent a schematic of the patient's paternally-derived chromosome 17 in specific tissues tested. Loci that showed
LOH are in the shaded regions, while loci that retained heterozygosity are in the open regions. The location of loci.
are depicted on the chromosome ideogram with interlocus genetic distances in centiMorgans (cM) to the left of each
interval as estimated from a chromosome 17 sex-averaged map (http://www.marshmed.org/genetics/). Data
iltustrating the retention of heterozygosity at the D17S803 locus and the loss of heterozygosity at the D1751294
locus are shown to the right. DNA samples are lane 1, patient's unaffected father; lane 2, patient's mother affected
with NF1; lane 3, patient's unfractionated bone marrow; lane 4, patient's unfractionated lymph node; lane 5, CD3-
positive cells from the lymph node; lane 6, CD4-positive cells from the lymph node; positive and negative controls
are not shown. For each locus, two alleles designated simply as A and B are segregating in this family.
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7. Key Research Accomplishments

e designing and validating an automated PCR-based gene dosage assay that can be
readily adapted to any unique locus in the genome
constructing a detailed 3.5 Mb physical map of the NF1 gene region at 17q11.2

e identifying recombination-prone repeat sequences (NF1REPs) that flank the NF1
gene and that they are comprised of clusters of paralogous loci

e proving that NF1 microdeletions arise by recombination between paralogous
regions (NF1REPs)

e proving that NF1 microdeletion is the first reported REP-mediated rearrangement
that deletes a tumor suppressor gene. This has broad implications for molecular
mechanisms that cause neoplasia

e proving that loss of heterozygosity in leukemic cells of children with NF1
primarily occurs by the novel mechanism of a double mitotic recombination event
at clustered sites

e demonstrating that JMML can arise in a pluripotent hematopoietic cell.

8. Reportable Outcomes
e Manuscripts
Shen S, Battersby S, Weaver M, Clark E, Stephens K, Harmar AJ. Refined mapping
of the human serotonin transporter (SLC6A4) gene within 17q11 adjacent to the CPD and
NF1 genes. Eur J Hum Genet, in press. g
Dorschner MO, Sybert VP, Weaver M, Pletcher BA, Stephens K. NF1 microdeletion
breakpoints are clustered at flanking repetitive sequences. Hum Mol Genet, submitted.
Maruyama, M. Weaver, K.A. Leppig, R. Farber, A. Aylsworth, Michael Dorschner,
J. Ortenberg, A. Rubenstein, L. Immken, E. Haan, C. Curry and K. Stephens.
Quantitative PCR gene dosage assay for detection of NF1 contiguous gene deletions.
Submitted, in revision.
Karen Stephens, Molly Weaver, Kathy Leppig, Kyoko Maruyama, Elizabeth M. Davis,
Rafael Espinosa, III, Melvin H. Freedman, Peter Emanual, Lucy Side, Michelle M. Le
Beau, Kevin Shannon. Tumor suppressor inactivation by double mitotic recombination at
clustered breakpoint intervals. In preparation.
Cooper LIN, Shannon KM, Loken M, Weaver M, Stephens K, Sievers EL. Evidence that
huvenile myelomonocytic leukemia can arise from a pluripotential stem cell. In preparation.

e  Abstracts :
Stephens K, Weaver M, Leppig K, Maruyama K, Side L, Davis EA, Espinosa III R,
Le Beau M, Shannon K. 1998. Double mitotic recombination at common breakpoint
intervals leading to interstitial isodisomy and LOH., Am J Hum Genet 63(4): A205.
Dorschner MO, Weaver M, Sybert VP and Stephens K. 1999. NF1 microdeletions
are mediated by homologous recombination between duplicons. Am J Hum Genet 65(4):
Al151.
Stephens K, Weaver M, Leppig K, Maruyama K, Side L, Davis EA, Espinosa IIL, R,
Le Beau M, and Shannon K. A novel and frequent mechanism of loss of heterozygosity
in malignant nyeloid cells of NF1 children: Double mitotic recombination at common
breakpoint intervals. National Neurofibromatosis Foundation Consortium, June, 1998,
Aspen, CO.
e Presentations
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K. Stephens. A novel and frequent mechanism of loss of heterozygosity in malignant
myeloid cells of NF1 children? Double mitotic recombination at common breakpoint
intervals. American Society of Human Genetics, October, 1998, Denver.

M. Dorschner. NF1 microdeletions are mediated by homologous recombination
between duplicons. American Society of Human Genetics, October, 1999, San Francisco.

K. Stephens. A novel and frequent mechanism of loss of heterozygosity in malignant
nyeloid cells of NF1 children: Double mitotic recombination at common breakpoint
intervals. National Neurofibromatosis Foundation Consortium, June, 1998, Aspen, CO.

K. Stephens. Progress on NF1 research at the University of Washingotn. Washington

Chapter, National Neurofibromatosis Foundation, February, 1998. Invited speaker.
e Invited participant at meetings.

National Neurofibromatosis Foundation International Consortium on Gene Cloning

and Gene Function of NF1 and NF2, Boston, 1999
e Databases

We developed a database in FileMaker Pro to track all of the NF1 patients referred for
this research study. Fields clinical history, referring physician, tissue available for study,
etc.

We developed a database in FreezerWorks to track the multiple vials of immortalized
patient cells that are stored in a liquid nitrogen freezer.

e (ell lines
We have established immortalized lymphoblastoid cell lines for approximately 20 patients
and relatives. In addition, we constructed somatic cell hybrids carrying each of a patient's
chromosome 17s for S cases.

¢ Funding applied for
Genetic factors that affect tumorigenesis in NF1.
Principal Investigator: Karen G. Stephens
Submitted to U.S. Army Medical Research and Materiel Command

1. Conclusions

We have determined that very unusual rearrangements involving the NF1 gene occur in both
germline and somatic tissues of certain patients. Germline microdeletions of 1.5 Mb are caused by
recombination between repeated elements that flank the NF1 gene. Identification of these elements
suggests that perhaps a subset of individuals are prone to de novo NF1 microdeletion due to
individual variation in size, number, or complexity of these repeats. Our data provide strong support
for a co-deletion of NF1 and a novel gene that potentiates neurofibromagenesis and narrow the
chromosomal region of this putative gene to 1IMb. We describe the larger number and most detailed
clinical description of NF1 deletion patients to date; these data suggest that NF1 microdeletion may
be predictive for an early age at onset and large numbers of cutaneous neurofibromas. We have
developed an automated PCR-based gene dosage assay to rapidly identify and map the extent of NF1
deletions. This assay will facilitate further research and should be directly applicable to diagnostic
testing of patients for NF1 deletion. We describe for the first time somatic rearrangements tumor
cells that arise by double mitotic recombination with clustered breakpoints. These rearrangements
result in interstitial isodisomy for a 50 Mb region of chromosome 17 and occurred in leukemic tumor
cells of children with NF1 and myeloid dysplasia. Because both the germline and somatic
rearrangements involve not only the NF1 gene but many other genes, our data implicate other
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elements/loci that play an important role in sporadic cases of NF1 and in somatic loss of NF1 during
leukemogenesis and possibly during other NF1-associated neoplasias. In addition, these results have
direct implications for rationale design of putative therapies.
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ABSTRACT

- A novel and frequent mechanism of loss of heterozygosity in malignant myeloid cells of NF1
children: Double mitotic recombination at common breakpoint intervals

K Stephens’, M Weaver', K Leppig', K Maruyama', L Side’, EA Davis®, R Espinosa III%,
M Le Beau”K Shannon’

'"University of Washington, *University of Chicago, *University of California, San Francisco
'Depts Medicine and Laboratory Medicine, Mail Box 357720, University of Washington, Seattle, WA
98195
Ph 206-543-8285; Fax 206-685-4829, millie@u.washington.edu

Leukemic cells of NF1 children with malignant myeloid disorders commonly show loss of
constitutional heterozygosity (LOH) at the NF1 gene and flanking loci. We have found that a -
novel mechanism of LOH is employed, which involves an apparent double mitotic recombination
at common breakpoint intervals. Quantitative PCR and FISH analyses of leukemic cells revealed
that, despite showing LOH at NF1, these cells harbor two NF1 alleles. NF1. LOH in conjunction
L with NF1 disomy was detected in 9 out of 11 cases analyzed. Six of these cases were further
studied by genotypic analyses of loci spanning chromosome 17. In each of these 6 cases, a large
interstitial region of the q arm of chromosome 17 showed LOH. The LOH breakpoints mapped
to common intervals. The centromeric LOH breakpoint in 5 of 6 cases mapped centromeric to
NF1 between D1751878 and D17S975. The breakpoint of the remaining case mapped to an
adjacent interval bounded by D17S1878 and D17S959. Similarly, 4 of the 6 cases had LOH
breakpoints close to the telomere in intervals bounded by D175928 and D17S1822/D17S1830.
The other 2 cases had breakpoints within this region, but it is unclear if they map in the same
interval due to lack of informative markers. Together, these data are consistent with a mechanism
whereby the LOH region originated by a double mitotic recombination event in a hematopoietic
progenitor cell that gave rise to the malignant clone. The high frequency of this rearrangement in
leukemic cells of NF1 children implies that it either has biological significance, such as selecting
. for growth of the malignant clone, or is favored due to recombination-prone sequences in specific
regions of chromosome 17.
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NF1 microdeletions are mediated by homologous recombination between duplicons. M.O. Dorschner, M.A.
Weaver, V.P. Sybert, K.6. Stephens. Department of Medicine, University of Washington School of Medicine,
Seattle, WA.

Neurofibromatosis type 1 patients with a submicroscopic deletion spanning the NF1 gene are remarkable for
an early age at onset of cutaneous neurofibromas, suggesting the co-deletion of a novel locus that potentiates
neurofibromagenesis. Construction of a 3.5 Mb BAC/PAC contig at chromosome 17q11.2 and analysis of
somatic cell hybrids from microdeletion patients showed that 14 of 17 cases had deletions of 1.5 Mb in length.
The deletions encompassed the entire 350 kb NF1 gene, 3 additional genes, 1 pseudogene, and 13 ESTs. The
critical region harboring the putative locus that exacerbates neurofibroma development was narrowed to 1
Mb by the identification of a smaller deletion in one of the 3 remaining patients. Of the 14 cases with 1.5 Mb
deletions, both the proximal and distal breakpoints mapped within chromosomal regions of high homology,
termed NF1 duplicons. These duplicons, with an estimated length of 15-100 kb, harbor at least 4 ESTs and an
expressed SH36L pseudogene. Therefore, homologous recombination between duplicons either in cis or in
trans on sister chromatids is a predominant mechanism of NF1 microdeletion. Refined breakpoint mapping will
facilitate identifying sequences within the duplicons that are susceptible to chromosome breakage and
recombination. The number of NF1 duplicons in the genome is unknown, however, we have identified a third
one at chromosome 17q24. These data suggest that NF1 duplicons may also play a role in germline or somatic
rearrangements other than those resulting in neurofibromatosis type 1.
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( Double mitotic recombination at common breakpoint intervals leading to interstitial isodisomy and LOH. K.
Stephensl ;M. Weaver!: K. Leppigl M Maruyamal : L. Side?: E. Davis®: R. Espinoza IIP: M. Le Beau?; K.
Shannon’ 1) Univ of Washington, Seattle, WA 2) Univ of Chicago, Chicago, IL; 3) Univ of California, San
Francisco, CA.

Leukemic cells of children with neurofibromatosis 1 (NF1) who develop malignant mveloid disorders commonly show
loss of constitutional heterozyvgosity (LOH) of the normal NF 1 allcle at 17q11.2 and cyvtogenetically normal
chromosomes 17. Mapping the LOH region revealed that the predominant mechanism is interstitial isodisomy. FISH
and quantitative PCR analyses of 11 cases, whose bonc marrows had LOH at the NF1 locus, showed that in 8 cases
the leukemic cells were disomic for NF 1, whilce the remaining 3 cases were monosomic. In each of the 8 NF1 disomic
cases, a large interstitial 17q scgment had undergone LOH with the breakpoints mapping to common intervals. The
proximal LOH breakpoints mapped centromeric to NF1 between D1751878 and D175975, while the distal LOH
breakpoints were subtelomeric and bounded by D175928 and D17S51822/D17S1830. Together these data indicate
that the leukemic cells were isodisomic for an ~50 Mb interstitial 17q segment which carried the mutated NF 1 allele,
thereby resulting in LOH and functional loss of NF 1. Interstitial isodisomy most likely arose by a double mitotic -
recombination during the S/G2 cell cvcle of a hematopoictic progenitor cell, which gave rise to the malignant clone.
The high frequency and common recombination breakpoint intervals of these novel rearrangements imply that along
with NF1, additional chromosome 17 loci plav a rolc in development of malignant myeloid disorders in NF1 children,
perhaps by favoring growth of the malignant clone: Becausc cascs of maternal and paternal isodisomic regions were
both observed, genomic imprinting is unlikelv to be a factor. Bonc marrow cells in the remaining 3 cases showed NF1
LOH, NF1 monosomy, and small LOH rcgions of 1-2 Mb spanning the NF1 locus, indicating that they arose by small
interstitial dcletions. These studics demonstratc that critical genctic loci and mechanisms underlying ncoplasna may-
not be detected if LOH analvses are not performed in conjunction with physical mapping. -
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ABSTRACT

The SLC6A4 gene encodes the serotonin transporter, which is the target of an important
class of antidepressant drugs, the serotonin selective reuptake inhibitors. Polymorphic
variation in the SLC6A4 gene has been reported to be associated with susceptibility to
depression and other psychiatric disorders. We have constructed a 1 Mb YAC and PAC
contig which harbours both the SLC6A4 gene and the gene encoding carboxypeptidase D
(CPD), a recently discovered membrane-bound metallocarboxypeptidase. The order of
loci within the contig was cen-D178975-D17S1549-24R-D17S1294-SLC6A4-28L-
(CPD, D1752009, D1752004)-D17S2120-ter. Fluorescence in situ hybridisation and
somatic cell hybrid analyses documented that both the SLC6A4 and CPD genes were
deleted in 1 out of 17 neurofibromatosis type 1 (NF1) patients carrying submicroscopic
NF1 contiguous gene deletions. Our refined map of the region will facilitate studies of the
contribution of SLC6A4, CPD, and other contiguous genes to susceptibility to
developmental/psychiatric disorders and to the phenotype(s) associated with NF1
contiguous gene deletions.

Keywords: serotonin transporter, CPD, NF1, YAC contig




INTRODUCTION

The endogenous indoleamine serotonin (5-hydroxytryptamine, 5-HT) functions as a
neurotransmitter in the central and peripheral nervous systems. The actions of serotonin
released into the synaptic cleft are terminated by reuptake into pre-synaptic nerve
terminals via a high-affinity, Na*-dependent serotonin transporter (SERT) encoded by the
SLC6A4 (‘solute carrier family 6, member 4') gene. The SERT is the target for an
important class of antidepressant drugs (the serotonin selective reuptake inhibitors) and
also of certain drugs of abuse including 3,4-Methylenedioxyamphetamine (MDMA or
"ecstasy"). Polymorphic variation in the SLC6A4 gene has been reported by several
laboratories to be associated with depression and other psychiatric disorders and to
influence personality traits. For a review of the pharmacology and genetics of the SERT".

Detailed studies regarding the molecular basis of such associations would be
facilitated greatly not only by knowledge of the SLC6A4 genomic structure and
alternatively-spliced transcripts, but also by the chromosomal context in which the gene is
located. For example, haplotype analyses and disequilibrium mapping of polymorphic sites
both within and flanking SLC6A4 could provide strong evidence that the increased
susceptibility is actually mediated by SERT and not the product of an unknown adjacent
gene.

We report a precise map of a 1 Mb region encompassing the human SLC6A4
gene, which was previously mapped to chromosome 17 band q11.2-q12 **. Unexpectedly, -
the CPD gene, which encodes a metallocarboxypeptidase that is strongly implicated in’
protein processing during transit of the secretory pathway*, was also localised to the
contig. Because the SLC6A4/CPD contig is centromeric to the NF1 gene, we evaluated
whether these genes were commonly deleted in patients with neurofibromatosis type 1
(NF1) contiguous gene deletions. :

MATERIALS AND METHODS

Construction and analyses of physical contig.

High density gridded ﬁlters of 4 human libraries, the RPC-1 PAC library * and ICRF, and
CEPH YAC libraries ** were screened using full length human SLC6A4 cDNA labelled
with [a-32P]dCTP (Ready-To-Go labelling beads, Pharmacia). Hybridisation was ,
performed at 55°C for 20 hr.in 0.5 M phosphate pH 7.2 , 2.7% SDS, 1% BSA, and 1 mM
EDTA. Filters were washed in 40 mM phosphate, 1 % SDS, 1 mM EDTA at 95°C and
exposed to autoradiographic film (Fuji RX) at -70°C overnight. Positive clones were ~
obtained from the UK MRC HGMP Resource Centre. For pulsed-field gel electrophoresis -
(PFGE), the yeast DNA was prepared by a modification of the methods of Schedl et al. ®
and Bellis et al'®. YAC clones were inoculated into 15 ml of medium (Ura-/Trp-) with 2%
of glucose as the carbon source. When cells had grown to late log phase after 2 - 4 days,
low melting point (LMP) agarose plugs were made and subjected to novozyme (Novo
Biolabs) digestion for 4 - 6 hours. Plugs were washed in 50 mM EDTA (2 x 30 min) and
digested with proteinase K (2 mg/ml) at 55°C overnight, in a buffer containing 0.5 M
NaCl, 0.125 M Tris pH 8.0, 0.25 M Na2EDTA, 1% (w/v) lithium sulphate, and 0.5 M
p-mercaptoethanol. Plugs were washed with TE and stored at 4fC in 0.5 M EDTA.




Before use, agarose plugs were washed in TE (3 x 30 min), loaded onto 1% agarose gels
and sealed with 1% LMP agarose in 0.5 x TBE buffer. Gels were run in 0.5 x TBE buffer
at 6V/cm for 24 hours at 14°C with 60 seconds switch time and stained with ethidium
bromide. DNA was fragmented by soaking gels in 0.25 M HCI for 15 min, denatured in
0.4 M NaOH for 3 x 20 min and blotted overnight onto Appligene Positive Membrane.
Filters were neutralized with 25 mM phosphate pH 6.8/1 mM EDTA for 10 min and fixed
for 2 min at full power (650W) in a microwave oven. Labeling of probes, hybridization
and autoradiography were performed as above. Filters were stripped (3 x 15min in 0.1%
SDS at 100°C) and exposed to autoradiography film overnight to ensure complete
removal of probes between hybridizations. Four probes were used for construction of the
contig: (i) a 854 bp Pst I fragment of SLC6A4 cDNA (corresponding to bp 785 - 1639,
GenBank accession no. L05568), (ii) a 2.3 kb Eco RI - Pvu II fragment of pBR322 to
detect the long YAC arm, (iii) 28L, a 3.2 kb Not I - EcoYRI fragment of PAC clone
50G6, which is ~40 kb 5' of the SLC6A4 gene, (iv) 24R, a 8.4 kb Not I - Hind III
fragment of PAC clone 50G6, containing sequences ~15 kb 3' of the SLC6A4 coding
sequence. For probes 28L and 24R, labeled DNA was pre-hybridized to human Cot-1
DNA (Gibco) for 15 min at 55fC before application to blots. YACs were sized by
hybridization to pBR322 plasmid DNA, using the endogenous yeast chromosomes as size
references. : o

The Tm for each primer oligonucleotide (Table 1) was calculated using the
formula: Tm = 69.3 + 41 x Ngc / Ntotal - 650 / Ntotal (where Ngc is the number of G and
C residues in a primer of total length Ntotal residues). The lower. Tm value for each
primer pair was used as the annealing temperature. Extension times were chosen
according to the expected size of individual PCR products (approximately 1 min per 500
bp). PCR was performed for 30 or 35 cycles.

Patient and somatic cell hybrid lines

Patient UWA106-3 is hemizygous for a microdeletion of about 1-1.5 Mb that
spans the entire NF1 gene '>"*. The human/rodent somatic hybrid cell line UWA106-3-#36
harbors the patient's deleted chromosome 17, while the line UWA106-3-#41 harbors the
non-deleted homolog 12. For fluorescence in situ hybridization (FISH), chromosome
metaphase spreads from the lymphoblastoid cell line (UWA106-3) were prepared using.
standard methodology. DNA from PAC clone 50G6 was labeled with biotin-11-dATP by
nick-translation (Gibco BRL). Hybridization was carried out as previously described by
Edelhoff et al * and signals were detected using a commercial system (Vector). The
chromosomes were banded using Hoechst 33258-actinomycin D staining and
counterstained with propidium-iodide. The chromosomes and signals were visualized by
fluorescence microscopy using a dual band pass filter (Omega).

RESULTS

Characterization of the SLC6A4 gene and PAC clones
The size of the SLC6A4 gene was estimated by long-range PCR of human
genomic DNA with 6 pairs of primers that cover the entire SLC6A4 gene from exon 1 to




14 (43084/43085, 43088/43089, 26373/2B, 54073/54074, 5A/5B, and 6A/P3, Table 1).
PCR products of ~10, 3.5, 5, 4, 4 and >12 kb were obtained, respectively. We estimated
that the SLC6A4 gene contained at least 15 exons and spans approximately 40 kb of
genomic DNA.

To isolate genomic clones encoding the SLC6A4 gene, we screened the RPC-1
human PAC library by hybridization with full length human SLC6A4 cDNA. One of four
positive PAC clones, designated 50G6, appeared to contain the entire coding sequence of
the SLC6A4 gene and 5' and 3' untranslated regions as determined by PCR using primers
described in Table 1. FISH with the S0G6 probe confirmed its location to proximal
chromosome 17q as expected (data not shown) and indicated that the clone was not
chimeric. Fragments from both ends of the insert in S0G6 were cloned into pBluescript
SK-and characterized. End clone 24R contained a 8.4 kb Not I-Hind III fragment that
included the SP6 promoter sequence of the PAC vector pPCYPAC2N. End clone 28L
contained a 3.2 kb Not I-EcoRI fragment including the T7 promoter sequence from the
vector. Southern blot analyses of NotlI digested 50G6 DNA revealed a 40 kb fragment that
hybridized to end clone 28L, a 55 kb fragment that hybridized to end clone 24R, and a 16
kb fragment from the PAC vector (data not shown). These results indicated that the PAC
clone 50G6 contains approx1mately 40 kb of 5' flanking sequence, the entire SLC6A4 gene
(40 kb) and about 15 kb of 3' flanking sequence. '

Construction of SLC6A4 contig

From a screen of gridded human YAC libraries with a full length human SLC6A4
cDNA, six clones were selected for further analyses. Clones 704F1, 782E2, 765D1 are
from the CEPH library and 35D8, 132C6, 49A9 are from the ICRF library. Figure 2 gives
the estimated length of each clone (Materials and Methods). PCR with SLC6A4 primers
that amplify fragments across the length of the gene (Table 1) demonstrated that 5 of the 6
Y ACs harbored the entire SLC6A4 gene. The exception was clone 704F 1, which lacked
the 5' untranslated region and first exon (Figure 2). Each clone was found to carry the 10
repeat allele of SCL6A4 intron 2 polymorphism, while the SLC6A4 promoter
polymorphism varied *>'®. The clones from the ICRF library carried the short SLC6A4
allele, while those from the CEPH library carried the long allele.

The contig depicted in Figure 2 was assembled by analysis of the 6 YACs and the
-50G6 PAC clone for the presence of 15 regional loci, including the PAC end clones 24R
and 28L. In addition to SLC6A4, 8 loci mapped within the contig. Together, these data
oriented the 3' end of the SLC6A4 gene towards the chromosome 17 centromere. In
addition, the absence of D17S1249 from clone 704F1 and its presence in clone 49A9,
mapped this highly informative tetranucleotide repeat polymorphism to a location of <15
kb centromeric to the 3' end of the SLC6A4 gene. The following loci did not amplify from
any of the clones in the SLC6A4 contig: D17S1543, TIGR-A004R11, TIGR-A007E42,
- D178317, SHGC37126, SHGC36334, and D1751824.

N

The carboxypeptidase D gene maps telomeric to SLC6A4

The D17S52004 locus corresponds to bp 1283-1564 of the EST clone U90914
(GenBank). The first 651 nucleotides of U90914 were identical to the 3'-untranslated
region immediately preceding the polyadenylation signal of the human carboxypeptidase D




gene (CPD; GenBank U65090, 17). This suggests that the U90914 EST is an alternatively
polyadenylated transcript of carboxypeptidase D that has an additional 1279 basepairs of
sequence.

The sequences of D1752004 and D17S2009 markers were also found ina 163 kb -
genomic sequence from human chromosome 17 (GenBank AC006050: sequence of
human BAC clone hRPK.268 F_2, Whitehead Institute/MIT Center for Genome
Research, Human Genome Sequencing Project) which encodes the entire CPD gene. By
using both forward primers of D17S2009 and D17S2004, a 2.1 kb PCR product was
obtained from either human genomic or YAC (35D8, 765D1 and 49A9) DNA. Direct
sequencing of the 2.1 kb PCR product confirmed its identity to the corresponding
sequence in AC006050. To confirm the presence of the CPD gene in our YAC/PAC
contig, two pairs of primers (cpd6740F/cpd6858R, and cpd1065F/cpd1768R) were
designed from the CPD cDNA sequence. Primers cpd6740F and cpd6858R are 1 kb
downstream of D1752004 within the 3'-UTR of the CPD gene and amplified the expected
118 bp product from human genomic DNA. Primers cpd1065F and cpd1768R amplified a
2.7 kb sequence approximately 44 kb 5' of D1752009. Based on PCR results of three
overlapping YAC clones 35D8, 765D1 and 49A9 (Figure 2), we concluded that the CPD
gene lies telomeric to the SLC6A4 gene.

Hemizygotic deletion of the SLC6A4 and CPD genes in a NF1 patient } i

Because the NF1 gene maps distal to SLC6A4, and patients have been reported
with NF1 microdeletions '>'* we tested whether the NF1 gene mapped within the contig.
NF1 exons 1, 27a and 49.2 were amplified using previously described primers'®. None of
the clones, however, yielded products indicating that the contig does not contain the NF1
gene (data not shown). Among the NF1 microdeletion patients reported, one in particular
was appeared to be for loci that presumably mapped nearer the centromere than
SLC6A4"2. Metaphase chromosomes prepared from immortalized lymphoblasts of subject
UWA106-3, were subjected to fluorescence in situ hybridization using the SLC6A4-
containing PAC 50G6 as the probe. Only one hybridization signal was observed,
confirming that the microdeletion included the SLC6A4 locus (Figure 3a).

DNA from rodent/human somatic hybrid cell lines carrying either the deleted
(UWA106-3-#36: Figure 3b lane 3) or non-deleted (UWA106-3-#41: Figure 3b lane 4)
chromosome 17 of the patient were analysed by PCR to determine the extent of the
deletion. The CPD gene was deleted in the patient, along with D17S52120 (Figure 3b). The
entire SLC6A4 gene, from the promoter region to exon 14 was deleted in cell line
UWA106-3-#36. However, the centromeric markers D17S1294 and D17S1549 were
detected in both the #36 and #46 cell lines. We concludé that the centromeric breakpoint
of the deletion in this patient lies in a region of less than 15 kb between exon 14 of the
SLC6A4 gene and D1751294. Assay of somatic hybrid cell lines carrying the deleted
chromosome 17 homolog of 17 additional NF1 microdeletion patlents12 13132 revealed that
neither the SLC6A4 nor the CPD gene was deleted.

DISCUSSION




We report here the construction of a 1 Mb YAC/PAC contig encompassing the
SLC6A4 and CPD genes and eight marker loci. We detérmined that SLC6A4 is <15 kb
telomeric to D17S51294 and the 3' end of the gene is oriented towards the centromere.
The order of STS markers (cen-D178975-D1751549-D17S1294-SLC6A4- -
CPD/D1782004/D17S2009-D17S2120-ter) is in general agreement with the data in the
Genetic Location Database *°, the Genethon human linkage map *, the GDB Human
Genome Database *' and in the database published by the Center for Medical Genetics,
Marshfield, WI %, The sizes of two CEPH YAC clones (782E2 600 kb and 765D1 1000
kb) differed from those (1160 and 1340 kb) given in the Whitehead Institute/MIT Center
for Genome Research, Human Genetic Mapping Project, Data Release 12 (July 1997).
These difference may reflect errors in the original size determinations of the YAC clones
or result from rearrangement or truncation of YAC DNA.

In previous studies the SLC6A4 gene has been mapped by Ramamoorthy et al.” to
chromosome 17q11.2 - 17q12 using FISH and somatic cell hybrids, and by Gelernter et
al.’ to 17q12 (flanked by D17S58 and D17S73) using a RFLP in the 3'-UTR (for which
'‘SLC6A4' and 'HTT" are synonyms in the Genome Database). Our results are consistent
with those of Esterling et al. >, who found close linkage of HTT to D1751294, but differ
in the order of D1751294 and D1782120 Surprisingly, these authors assigned different
map positions to two markers (HTT and SGHC-11022) which should be comcxdent the
sequence of SGHC-11022 is nested within that of HTT.

The appearance of the markers D1752009 and D17S2004 in our YAC contig
suggested that the CPD gene might be present in this region. This was confirmed by PCR
with primers from other regions of the CPD gene. Our results are in agreement with those
of Riley et al. %, who recently localized the gene to 17p11.1-q11.1/11.2 by use of a -~
regional mapping panel derived from somatic cell hybrids containing different portions of
chromosome 17. Although no disorder has directly been linked with the CPD gene, it is
possible that deficiency in this gene might affect the processing of secreted proteins. A
mutation in the closely related carboxypeptidase E (CPE) gene in fat/fat mice has been
reported to result in defective proinsulin processing leadmﬁ to obesrty and
hyperglycaemia®.

FISH and PCR analyses confirmed that that both the SLC6A4 and CPD genes
were part of the contiguous gene deletion in one out of seventeen NF1 patients '
microdeletion patients tested. Although these data suggest that majority of microdeletion
patients will not be haploinsufficient for SERT and carboxypeptidase D, the patient sample
was biased due to selection by certain phenotype findings. The phenotype of patient
UWAI106-3 is consistent with that of other NF1 contiguous gene deletion patients in that
- he had an early age of onset of dermal neurofibromas, certain facial anomalies '>'> >
Unlike the majority of NF1 microdeletion patients, however, UWA106-3 is mentally
retarded with a childhood intelligence quotient of 46'%. Tt has been reported that certain
SLC6AA4 alleles appear to be associated with susceptibility to affective disorder and other
psychiatric diseases', however, the role of SERT protein levels in normal brain
development is unknown. Although patient UWA106-3 is now a 27 year old mentally
retarded male, he has had no findings suggestive of a psychiatric disorder. In addition,
the SLC6A4 gene is transiently expressed in craniofacial epithelial structures during
development, which suggests a role for serotonin in cramofac:al morphogenesis™ .




Exposure of mouse embryos in culture to inhibitors of the serotonin transporter caused
craniofacial malformations consistent with a direct action at serotonin uptake sites™°.
Although little is known about the function of carboxypeptidase D, its putative role in
post-translational processing* suggests that haploinsufficiency could contribute to multiple
unrelated physical manifestations in different body systems. The identification and fine
mapping of additional NF1 microdeletion cases is required to assess putative roles for
SERT or carboxypeptidase D in the craniofacial and/or severe tumor phenotype of these
patients.

The identification of eight marker loci flanking the SLC6A4 gene will facilitate
future studies of the role of the SERT protein in susceptibility to developmental and
psychiatric disorders. This contig will also provide a centromeric anchor for chromosomal
walking towards the NF1 gene which may lead to the discovery of other genes contiguous
to NF1. Functional analysis of these genes should play an role in understanding of
neurofibromatosis as well as other developmental/psychiatric disorders.




FIGURE LEGENDS

Figure 1: Analysis of YAC clones by pulsed-field gel electrophoresis and Southern
blotting. (a) Resolution of YAC DNA by ethidium bromide staining. The sizes of yeast
chromosomes from S. cerevisiae are shown in kb at the left. Lanes 1 to 7 are DNA from
793F2, 765D1, 704F1, 782E2, 641D5, 35D8 and 132C6 respectively; The blot was
sequentially hybridized with (b) a 2.3 kb EcoRI - Pvull fragment of pPBR322 DNA; (c) a
854 bp Pstl fragment of SLC6A4 cDNA, (d) the subclone 28L and (e) the subclone 24R.
DNA from initial preparations of 765D1 appeared to contain a contaminant, 450kb in size,
which did not hybridize to probes within or flanking the SLC6A4 gene. Yeast DNA
containing the 1000kb YAC was isolated from a single colony and used for subsequent
analysis.

Figure 2: Mapping of the SLC6A4 and CPD genes to 17q11 in a YAC/PAC contig. (a)
Physical map (not to scale) of the region of chromosome 17 between the centromere and
D17S54 (b) diagram illustrating the extent of the deletion (---) in the patient UWA106-3.
The centromeric breakpoint (arrow head) of the deletion lies between D17S51294 and the
last exon of the SLC6A4 gene, (c) the positions of the SLC6A4 (O) and CPD (0O) genes,
STS markers and other probes in the 6 YAC clones and one PAC clone (50G6) used in
construction of the contig. Sizes of the clones are indicated in brackets. Probable regions . .
of chimerism in YACs 704F1 and 132C6 are shaded. The orientations of the YAC vector
arms for clones 35D8 and 132C6 are indicated with L (for long arm) and S (for short

arm). Orientation of the genomic insert in the PAC clone 50G6 is shown relative to the -
SP6 and T7 promoters of the PAC vector. The 3' end of the SLC6A4 gene is oriented
towards the centromere. Circles represent the presence of STS markers and probes (28L
and 24R), detected by PCR and by Southern hybridization in YAC/PAC clones and in the
UWA106-3-#36 hybrid line carrying the deleted chromosome 17 of the patient. :

Figure 3: (a) The SLC6A4 gene is deleted in an NF1 microdeletion patient. Metaphase
chromosome preparations from lymphoblasts of patient UWA106-3 were hybridized with
50G6 PAC DNA. The two chromosomes 17 are indicated by an arrow: only one of them
hybridized to the SLC6A4 probe, (b) Localization by PCR of the centromeric breakpoint
of the deletion in patient UWA106-3. DNA templates were as follows: (lane 1) YAC
765D1; (lane 2) genomic DNA from patient UWA106-3; (lane 3) cell line UWA106-3-#36
carrying the deleted chromosome 17; (lane 4) cell line UWA106-3-#41 carrying the non-
deleted chromosome 17; (line 5) the Chinese hamster RJK cell line from which somatic
cell hybrid lines UWA106-3-#36 and UWA106-3-#41 were derived. The primers (see
Table 1 and the Genome Database [http://gdbwww.gdb.org]) and the size of the PCR
products are indicated at the right. The specific PCR product of the E2F/2B primer pair is
arrowed. Note that the centromeric breakpoint of the deletion lies between D17S1294 and
exon 14 (defined by primer P3) of the SLC6A4 gene.
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FIGURE 3A

1 2 3 4 5 Primers
CRYB1

D17S975
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5A + 5B
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Sizes
424 bp

259 bp
149 bp
227 bp
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3.8 kb
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ABSTRACT
Neurofibromatosis type 1 patients with a submicroscopic deletion spanning the NF1 tumor suppressor gene are remarkable
for an early age at onset of cutaneous neurofibromas, suggesting the deletion of an additional locus that potentiates
neurofibromagenesis. Construction of a 3.5 Mb BAC/PAC/YAC contig at chromosome 17q11.2 and analysis of somatic
cell hybrids from microdeletion patients showed that 14 of 17 cases had deletions of 1.5 Mb in length. The deletions
encompassed the entire 350 kb NF/ gene, 3 additional genes, 1 pseudogene and 16 ESTs. In these cases, both proximal and
distal breakpoints mapped at chromosomal regions of high identity, termed NFIREPs. These REPs, or clusters of
paralogous loci, are 15-100 kb and harbor at least 4 ESTs and an expressed SH3GL pseudogene. The remaining 3 patients
had at least one breakpoint outside of an NF1REP element; one had a smaller deletion thereby narrowing the critical region
harboring the putative locus that exacerbates neurofibroma development to 1 Mb. These data show that the likely
mechanism of NFI microdeletion is homologous recombination between NF1REPs on sister chromatids. NF1
microdeletion is the first REP-mediated rearrangement identified that results in loss of a tumor suppressor gene. Therefore,
in addition to the germline rearrangements reported here, NF1REP-mediated somatic recombination could be an important
mechanism for the loss of heterozygosity (LOH) at NFI in tumors of NF1 patients. :

INTRODUCTION

Haploinsufficiency for neurofibromin is the molecular basis of neurofibromatosis type 1 (NF1), a common
autosomal disorder that predisposes to the development of benign and malignant tumors. Genetic, biochemical, and
proliferative studies of cells from NF 1-associated tumors are consistent with a tumor suppressor function for
neurofibromin. Tumor suppressor activity is due, at least in part, to a ras-GAP (GTP-ase activating protein) domain which
accelerates the conversion of activated GTP-ras to inactivated GDP-ras (1). Evidence in human and mouse show that
neurofibromin-deficient tumor cells have increased activated ras and dysregulated proliferative properties (2,3), which may -
be mediated by the ras-dependent mitogen-activated protein kinase signaling pathway (4). Both benign and malignant .-
tumors show homozygous inactivation of NI/ resulting in lack of functional neurofibromin. -Although NF/ inactivation in
a tumor progenitor cell can occur by numerous mechanisms, the identification of defined-intragenic NF/ mutations in
primary tumor tissue argues that lack of neurofibromin is central to their development (3-7).

Over 70% of germline mutations of the NI/ gene are intragenic and predict a premature truncation of -
neurofibromin (8). These mutations arc distributed throughout the coding region. They are generally unique for a given
patient or family, and are not predictive for any of the diverse clinical manifestations that can develop in this multisystemic
disorder. Nearly all NF1 patients develop café-au-lait macules, axillary and inguinal freckling, multiple neurofibromas, and
Lisch nodules, which are hamartomas of the iris of the eve. Other significant, but less common, manifestations of the
disorder include learning disabilities, optic glioma, bony.abnormalities (sphenoid bone dysplasia, pseudoarthrosis,
scoliosis), increased risk of specific malignancies, and others (9,10). NF1 has been considered to be primarily a disorder of
cells derived from the neural crest. which is supported by recent evidence consistent with neurofibromas arising by clonal
proliferation of a neurofibromin-deficient Schwann cell (11). S ‘

Previously, we identified 5 patients that carried a deletion of one entire NF/ allele. These patients were remarkable
for an early age (<10 vears) at onset of dermal neurofibromas, an increascd number or heavy burden of neurofibromas
relative to their age. and certain atypical facial features (12,13). The association of an N/ microdeletion with this
phenotype was subsequently confirmed by us and other investigators (14-18). In addition, the identification of families
segregating an NI/ microdeletion demonstrated that the rearrangement was co-inherited with the remarkable facial and
tumor features (17,19,20).

" The molecular basis for precocious neurofibromagenesis in microdelction patients is unknown. Previously, we
estimated the microdeletions at 0.7 - 2 Mb, which, even accounting for the large 350 kb NF/ gene, implies that many
additional genes are also delcted (13.14,19). Theoretically, carly age at onsct of ncurofibromagenesis could be attributed to
(1) deletion of the NI/ gene alone, (2) co-deletion of NI¥/ and one of the threc genes of unknown function that are
embedded in an NF/ intron, (3) co-deletion of N/*/ and a novel contiguous gence(s). or (4) dysregulation of a gene at the
dcletton breakpoint. We consider it unlikely that neurofibromin haploinsufficiency alone could account for early onset of
tumorigenesis. Over 70% of NF | patients arc hetcrozygous for a mutation that predicts premature truncation of




neurofibromin, yet in a population-based study only about 14% of subjects developed dermal neurofibromas before 10 years
of age (21,22). However, it is unknown whether neurofibroma development could be ameliorated in any of these patients
due to possible residual activity from the mutant NF/ allele. The role of a putative co-deleted locus has been difficult to
assess because the number of deletion patients is small and information regarding number and age at onset of neurofibromas
and deletion magnitude are not always evaluated or reported. Recently, however, we described 12 unrelated NFI
microdeletion patients with early onset and/or high burden of neurofibromas with deletion breakpoints that clustered in the
same centromeric and telomeric locus intervals (K. Maruyama et al, submitted). Towards mapping and identifying a locus
that potentiates neurofibromagenesis in NF1 patients, we constructed a 3.5 Mb physical map of the NF/ region, precisely
mapped the deletion, and examined deletion genotype with patient phenotype. We report that the breakpoints in the majority
of patients are clustered at flanking genomic segments of paralogous sequence (sequence similarity due to duplication).
These results have important implications regarding germline and somatic rearrangements involving NF/.

RESULTS

Construction of a 3.5 Mb contig |

Recently, we determined that both the centromeric and telomeric breakpoints in 14 out of 15 NFI patients with
submicroscopic deletions were clustered in two distinct marker intervals. Quantitative PCR and the analysis of somatic cell
hybrid lines carrying deleted chromosome 17 of each patient mapped the centromeric breakpoints between marker loci
D1782120 and UT172 and the telomeric breakpoints between D/ 751800 and D1751880 (K. Maruyama et al., submitted;
Figure 1). Although these data were suggestive of breakpoint clustering, the length of each interval was unknown. In
addition, the number and uniquc order of other markers within each of these initial breakpoint intervals was unknown. To
refirie the location of the deletion breakpoints, we sought to construct a physical map encompassing both breakpoint cluster
regions. Initially, chromosome 17 loci reported to map at or near band q11.2 were gleaned from the literature and publicly-
available electronic databases and screcned by PCR against a somatic cell hybrid mapping panel. This placed each locus
into one of five possible chromosomal intervals (Figure 1). Loci that mapped to intervals C and D were used to identify and
construct a contig of novel and previously reported BAC and PAC clones. Initial database scarches identified 5 sequenced
clones that scrved as a framework for contig construction. Two BACs, 468F23 and 41C23, were found to harbor AH! and
AN2 respectively, which are end sequences of a previously described NFI YAC contig (23)(Figure 2). A 297 kb sequence
carrving a large portion of the NI/ gene (Genbank #AC004526), and clones 542B22 and 307A16, were identified from
database searches. Together, the 3 clones 499120, AC004526, and 41C23 comprise a 476 kb contiguous sequence
spanning from intron | of the NF/ gene to D/751800 (Figure 2). The remainder of the contig was assembled by screening
a BAC library with selected loci that mapped in intervals C and D (Figures 1,2) and by utilizing newly released
chromosome 17 sequences from the Whitehead Institute for Biomedical Research/MIT Center for Genome Research
(http://www-genome.wi.mit.edw/). The clones comprising the BACs arc listed in Table 1.

- The contig consisted of 39 BAC/PAC and 2 YAC clones (Figure 2, Table 1). The new marker A16INT linked
together the 2 YACs v947gl 1 and v8135b11 (http://Avww-genome.wi.mit.edu/ ), creating a YAC contig of the region. In
addition, loci' prominent for their previous use in genctic mapping and loss of constitutional heterozygosity (LOH) analyses
were mapped precisely. UT172, previously estimated to be 1.5 Mb centromeric of NF/ (24), is only ~250 kb distant
within BAC 468F23. D/78117 and D17S5120 arc located approximately | Mb centromeric of NFI; the latter marker

-actually lies within an intron of the carboxypeptidase D (CPD) gene. D175798 is locatcd about 1.8 Mb telomeric of NF1/.
Fine mapping of the NFI microdeletion breakpoints

Over 10 loci were placed precisely in cach of the breakpoint cluster regions (Figure 1), thereby facilitating fine

mapping of the breakpoints of all 17 microdclction paticnts. Fourteen microdeletion patients had proximal breakpoints in
the locus interval of SH3GLP2 to CYTOR4 (SHG(C-37343) and distal breakpoints in the interval between SH3GLPI and
1781880 (Figure 2). The remaining 3 deletion cascs had at lcast one novel breakpoint (Figure 2). Patient UWA113-1 had
a novel centromeric breakpoint between /787242 and exon | of the NI¥I gene. Both breakpoints of patient UWA155-1 were
novel and located between the intervals defined by SHGC35088 - FB12A2 and D1751656 - stSG350857. Patient UWA106-
3, who has the largest deletion in our cohort (13) also had two unique breakpoints. The telomeric breakpoint mapped in the
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interval of D17873 to FB6FI10 and the centromeric breakpoint was mapped previously between D/751294 and SCL6A4
during construction of a physical contig of the latter gene that encodes the serotonin transporter (25).

The contig provided more precise estimates of the physical lengths of both the region and the patient deletions.
Because YACs 947g11 and 815b11, each estimated at 1.7 Mb (http://www-genome.wi.mit.edu/), are completely contained
within the deletion of UWA106-3, this patient's deletion is approximated at 3.5 Mb. YAC 947gl1 spans from SLC644 to
A16INT and overlaps 815b11, which extends to just beyond D/75798. The known lengths of sequenced BAC and the
average length of 185 kb for nonsequenced BACs derived from the RPC1-11 library, were subtracted from the YAC lengths
* to.give the estimated scale in Figure 2. The length of the common NF/ microdeletion was estimated at 1.5 Mb.

NFI microdeletion breakpoints cluster at repetitive sequences

Fine mapping of the region led to the discovery of two SH3GL expressed pseudogenes, SH3GLP2 and SH3GLPI,
that mapped near the breakpoints of the common NF/ deletions (Figure 2). Because low copy repeats are known to flank
deletions/duplications responsible for some contiguous gene syndromes (26), a search for additional multicopy transcripts
was initiated. A third expressed pscudogene, SH3GLP3, was reported to map distally at 17q24 (27). BLAST analyses of
the SH3GL pscudogenes identified BACs 271K 11 and 147L13, which carried SH3GLP2 and SH3GLP3, respectively. The
- STS/EST content of the BAC clones was obtained (http://www-genome.wi.mit.edu/) and BLAST analyses identified their
locations within each clone. This revealed that two ESTs, WI-12393 and WI-9461, were present in both BACs and located
near cach respective SH3GL pseudogene. Svstematic BLAST analyses of loci reportedly mapping near NF/ in publicly-
available genome databases revealed that stSG+40093 and stSG316354 were not only in BAC 271K11 centromeric to NF1,
but were also harbored by BAC 147L13 at chromosome 17q24 (http://wwi.ncbi.nim.nih.gov/genemap98). Together these
analyses identified two clusters of five transcripts for which the order and relative distance between markers was conserved.
These clusters of paralogous loci were designated as NFIREP using the suffixes -P and -D to distinguish the proximal
repeat at 17q11.2 from the distal repeat at 17q24 (Figures 2, 3). i

“To determine if the unsequenced region surrounding SH3GLP! comprised an addmonal NFIREP, PCR primers for
WI-9461, stSG31654, stSG40093, and Wi-12393 were used to amplify these loci from BACs overlapping the SH3GLP1
locus. BAC clones 953C18, 951F11, and 95306 were positive for each of the transcripts; 999E22 was positive for all but
the WI-12393 locus. This medially positioned repeat cluster was designated NFIREP-M (Figure 3).- These results .
demonstrated that chromosomc 17 carries at least 3 clusters of paralogous loci: WI-9461, stSG316354, stSG40093, and WI-
12393, each in association with a specific SH3GL pseudogene (Figure 3). The absence of WI-12393 from BAC 999E22
and preliminary sequence analysis (M. Dorschner, unpublished data) strongly suggests that NFIREP-P and -M are direct
repeats of 15-100 kb in length. The repetitive sequences may extend farther bevond WI-12393. The breakpoints of the
patients carrying the common N/v/ microdelction lie within, or adjacent to, NFIREP regions. The centromeric breakpoints
were between SH3GLP2 and CYTORA, while the telomeric breakpoints occurred between SH3GLP/ and K8CEN. Finer
mapping of the breakpoints will require the development of REP-specific primers or Southem blot analyses that identify
junction fragments. The sizc and orientation of NFIREP-D is unknown.

Several lines of evidence confirmed that, despitc carrying scquences with a high degree of identity, BACs spanmng ~
NFIREP-P and NFIREP-M were localized unambiguously. First, the primers for amplification of SH3GLPI-and
SH3GLP2 were locus-specific, exploiting basc differences in the 37 region of the transcripts (27). BACs 943L10 and
946G8 were the only clones that possessed SH3GLP2, while clones 953C18, 951F11, 999E22, and 95306 carried only
SH3GLPI. In addition, these BACs harbored the expected unique loci based on our delction analysis. BAC 943L10 was
positive for D1751863 and CYTOR4, while BACs spanning the medial REP contained KIAA0160 or D1751880.

Mouse orthologs for all of the genes located in interval B (Figure 1), SLC644, CPD, CDK3RI and the
chemokine cluster, have been mapped to the same region of mouse chromosome 11 that carries the NF/ ortholog. It
appears that synteny has been conserved between human and mouse for the region from CRYBA/ to at least the
chemokine cluster.

NFT deletion genotype/phenotype and parental origin of deletion

The physical features of the 13 unrelated NF1 microdeletion patients and the 4 members of family UWA 166 are
summarized in Table 4. There were no obvious diffcrences detected between the features present in those individuals with
thc common N/7 delction and the threc with deletions of different lengths. No single feature was present or absent




consistently within either group. The location of the putative gene that potentiates neurofibromagenesis was narrowed to an
interval of 1 Mb between FBI242 and SH3GLP1, as defined by the deletion of patient UWA113-1 (Figure 2). This critical
region is known to harbor 4 genes, 2 pseudogenes, and 7 ESTs (Figure 2, Table 3).

A preference for de novo microdeletion of the maternally derived chromosome was observed. Among the 8 cases
with documented de novo microdeletions, 6 were derived from the maternal homolog (UWA patients113-1, 119-1, 147-3,
167-1, 183-1, 184-1) and 2 from the paternal homolog (UWA106-3, UWA123-3) (13,19, data not shown). Three families
inherited NF I microdeletions. Family UWA166 includes the affected mother UWA166-1 and her 3 affected children
UWA166-2, -3, -4 (19) , patient UWA169-1 inherited NF 1from his affected mother (19,28), and UWA1355-1 inherited NF1
from his affected father.

DISCUSSION

NF1REP elements

Three NF1REPs were mapped to chromosome 17. NFIREP-P and —M flank the NF/ locus at 17q11.2 and are
separated by ~1.5 Mb of DNA. The third, NF1REP-D, is located at 17q24. Each REP is composed of at least five
transcripts/ESTs including a SH3GL pseudogene, WI-9461, stSG31654, stSG40093, and Wi-12393 (Figure 3). In a search
for proteins containing SH3 (src homology region 3) domains, three functional genes were identified from a fetal brain
cDNA library, SH3GL1, SH3GL2, and SH3GL3. These genes map at chromosomes 19p13.3, 9p22, and 15q24,
respectively (27) and function in signal transduction, cytoskeleton and aggregation of huntingtin (29-31). In addition, 3
" expressed SH3GL pseudogenes were identified that mapped by FISH to chromosome 17 (Figure 3)(27). It will be
important to characterize the expression of the other paralogous loci, WI-9461, stSG31654, stSG40093, and WI-12393, at
each of the NF1REPs. Although these loci were originally i1solated as ESTs expressed in multiple tissues (Unigene:
www.ncbi.nlm.nih.gov/UniGene/index html), it is unclear if each paralogous locus in NFIREP-P, -M, and -D is expressed
and whether thev represent pseudogenes, functional loci, or residual gene fragments.
NF1REP-mediated recombination

We propose that a high degree of homology between NFIREP-P and -M facilitates homologous recombination
during meiosis or mitosis resulting in the deletion of intervening sequences. Consistent with this hypothesis, pseudogenes
SH3GLP!I and -2 are 97.8% identical, whereas SH3GLP3 shares only 90% identity with either these (27). Further analysis
of the identity between NFIREP-P and -M will require completing the sequence of the NF1REP-M domain; partial
sequence analysis shows >98% identity' (M. Dorschner, unpublished data). Recombination between the direct repeats
NFI1REP-P and -M could give rise to NI/ microdeletions by either unequal recombination between sister chromatids or
intrachromosomal recombination via a fold-back loop and excision. Distinguishing between these mechanisms will require
further analyses to determine if NF1REP-mediated recombination is associated with a meiotic crossover event. The
apparent preference for de novo NF] microdeletion of thc maternally-derived chromosomes may provide a clue. Other
REP-mediated rearrangements show a sex-dependent mechanism with maternally-derived deletions resulting from excision
of an intrachromatidal loop (32). Although in other cascs, microdclctions;mediated by flanking REP domains appear to
arisc bv both mechanisms (33-35). If unequal meiotic recombination between sister chromatids underlies NF/
microdeletion, it would predict the formation of a reciprocal duplication derivative. Whether a 1.5 Mb NF! duplication
product would be stable is unknown: it may quickly undergo recombination and "revert” to a deletion (36). Non-mosaic
trisomy 17 has not been reported in a live born and partial 17p or 17q trisomy is rare and even mosaic cases are uncommon
(37). suggesting that many such rcarrangements are lethal.
Patterns of REP domains and chromosomal rearrangements

" About 10 years ago it becamc clear that intragenic. or relatively small, deletions, duplications, and inversions of the

human genome could be mediated by homologous recombination between tandem genes, or other nearby repetitive
scquences. Such rearrangements have been well described for the steroid sulfatase, a-globin, Factor VIII, LDL receptor,
and other genes (revicwed-in 36.38). Recently, however. the breakpoints of large contiguous gene deletions and
duplications from 1-3 Mb in length were m'lpped to flanking repetitive scquences of high identity. Such low copy repetitive
clements have been designated as REPs, duplicons, or paralogous regions (39,40). There is compelling evidence that
homologous recombination between REPs is the molecular basis for a number of disorders (Table 3, reviewed in 26,38).
The precedence was established for the ncuropathics Charcot-Marie-Tooth type 1A (CMT 1 A) and hereditary neuropathy




with liability to pressure palsies (HNPP). Unequal recombination between flanking REPs during meiosis I results in
duplication (CMTI1A) or deletion (HNPP) of a 1.5 Mb segment of chromosome 17p11.2 (41,42). The two 24 kb CMT1A-
REPs have 98.7% identity with an internal 557 bp recombination hotspot where 21 of 23 breakpoints occurred (43).
Although the characterization of REPs flanking large contiguous gene rearrangements is in its infancy, variability in
REP length, number, complexity, and orientation is apparent. REP length varics considerably (Table 5) and may correlate
directly with the size of the intervening deletion/duplication. This suggests that recombination between distant REPs may
require longer tracts of identity for efficient pairing (26). Although a single CMT1A-REP lies on each side of the
CMT1A/HNPP rearrangement, the number of REPs and the apparent preference for recombination between specific REPs
can vary considerably. Three SMS-REPs are found in the 17p11.2 region, yet nearly all SMS (Smith-Magenis syndrome)
deletions are due to crossover events between the proximal and distal REPs (44). The identification of eight REPs at 22q11
suggests that recombination between specific REP pairs may account for different rearrangements underlying multiple
congenital anomaly disorders that map to this chromosomal region, such as velo-cardio-facial syndrome/DiGeorge
syndrome (VCFS/DGS) and cat eye syndrome (CES) (45). REP domains may be very complex repeats that include
multiple subrcpeats, which can be in tandem or interspersed, inverted or direct in orientation (46-48). REPs may even be
dispersed among chromosomes; FISH experiments suggest that copics of the PWS/AS (Prader-Willi syndrome/Angelman
svndrome) REP may be at 15924 and 16pl1 (49). The apparent preference for REP domains to occur near the centromere
of chromosomes (Table 3)(26) is consistent with reports of a strong bias for these regions to acquire paralogous segments.
This phenomenon is referred to as pericentromeric plasticity and presumably accounts for the varied NF/-related fragments
that are scattered among the centromeric regions of 7 different autosomes (30, reviewed in 39). Homologous reéombination .
events and the resulting chromosomal rearrangements are also dependent upon the orientation of the repetitive sequences
involved. For example, recombination between direct CMT1A-REPs results in deletion and duplication via unequal
crossing over between chromatids (reviewed in 51), while recombination between indirect duplicons.can result in either
deletions or inversions (32-34).
Unique pathological aspects of NF1 REP-mediated recombination
Several aspects of NF/ microdelctions are unique among REP-mediated contiguous gene rearrangements inthe
human genome. For other disorders, REP-mediated rearrangements commonly account for a large fraction of analyzed
cases. For example, >98% of CMT 1A casces are caused by a duplication that results in partial trisomy of the 17p11.2
region that includes the PMP22 locus, while <2% are due to missense mutations in the PMP22 gene itself (55). In
Angelman syndrome, large maternal deletions account for 70% of cases, uniparental disomy and imprinting mutations for
additional 3%, and inactivating mutations in UBE3A for another 3% (36). In marked contrast, only 2-13% of NF1 cases
result from NI</ microdeletions (16,18,57.58), while over 70% result from intragenic mutations that predict premature
truncation of neurofibromin (8). Understanding why microdeletion is not the prevalent mutational mechanism may reveal
important parameters that affect the efficiency of REP-mediated rearrangements. Perhaps the size and sequence identity of
NFIREP-P and -M are comparatively less than those of other genomic disorders, thereby reducing the probability of
NFIREP pairing. Or, polymorphism in the number and orientation of, or identity between, NF1REPs may result in a
haplotype that is recombination-pronc. A precedent for an inversion polymorphism mediated by flanking repetitive repeats -
has been established (34). '
Our data suggest that N/*/ microdcletion may also predispose paticnts to the development of malignant tumors.
This hypothesis is supportcd by our observation that 2 of the 17 (11%) unrelated microdelction patients had a
neurofibrosarcoma (Table 4, UWA124-3, UWA155-1). This clearly is greater than the expected occurrence of 1.4-3.5% in
NF1 patients (21,39), more so given the voung age of the microdeletion patients. In addition, first degree affected relatives
of 2 microdclction patients died of malignancies (Table 4, UWA135-1, UWA169-1). Further studies are needed to confirm
this hypothesis and to determine if this cffect is mediated by the same putative gene that causcs early onset of benign
ncurofibromas. Two lines of evidence suggest that the increased burden of cutancous neurofibromas in deletion patients
would be an unlikely cause of an apparent increased frequency of malignancy. First, cutancous neurofibromas do not
undergo malignant transformation: in cases where neurofibrosarcomas are associated with a neurofibroma it is either a
plexiform ncurofibroma or a ncurofibroma involving a large nerve or nerve plexus (60). Second, the malignancies of the
affected first degree relatives of our patients were CNS and fibrosarcoma, not neurofibrosarcoma (Table 4).




NFIREP-P and -M -mediated deletion in early embryogenesis may be an underlying mechanism of somatic
mosaicism of NF/. It has been proposed that somatic mosaicism may be common among NF1 patients and could explain,
for example, cases of a mildly affected parent with a severely affected child (61,62). Patients with somatic mosaicism for
an NF1 deletion have been described (16,57,63-65). Because breakpoints were not mapped in these cases, it is not known
whether these deletions involved the entire NF/ gene and/or contiguous genes. The frequency of somatic mosaicism for an
NF1 deletion was estimated at 1.5% (16,57). However, this may be underestimated significantly due to the low detection
rate of the methods employed.

This is the first report of a REP-mediated rearrangement resulting in the loss of a tumor suppressor gene. ,
Therefore, in addition to the germline rearrangements reported here, NF 1 REP-mediated somatic recombination could be an
important mechanism for the loss of heterozygosity (LOH) at NF/ in tumors of NF1 patients (5,7,66,67). This hypothesis
is consistent with our recent analysis of LOH at NF/ in primary leukemic cells of children affected with NF1 that developed
malignant myeloid disorders (Stephens et al., unpublished data). LOH in 2 of 20 tumors arose by an interstitial deletion of
a 1-2 Mb segment comparable to the germline deletions described here. Additional informative polymorphisms are needed
to determine if the deletion breakpoints are at NFIREP-P and -M. Other examples of clustered neoplasia-related
rcarrangements could also result from a REP-mediated recombination mechanism. For example, the interstitial 20q deletion
in polycythemia vera and myeloid malignancies (54) and the i(17q)-associated hematologic malignancies (68).

The precocious neurofibromagenesis and severe tumor burden of patients with NF/ microdeletions is consistent
with our hypothesis that deletion of a gene or regulatory sequence, in conjunction with neurofibromin haploinsufficiency,
potentiates development of neurofibromas. All of the deletion patients showed either childhood onset and/or large numbers
of cutancous neurofibromas (Figure 2, Table 4), with the exception of UWA166-3 who is only 4 years old. Patient
UWA113-1 has the smallest deletion of about 1 Mb, thereby establishing a critical interval between FB/242 and SH3GLPI
as the location of the putative tumor-promoting gene (Figure 2). These data excluded the strong candidate gene KSR, kinase
suppressor of ras (69). Currently, the critical region is known to harbor 4 genes , NFI, OMG, EVI2A, EVI2B, 2
pseudogenes, and 7 ESTs (Figurc 2, Table 3). The products of these genes are not strong candidates for potentiating
neurofibromagenesis. OMG, EVI2A, and EVI2B are genes of unknown function located entirely within intron 27b of the
NFI gene, but they are transcribed from the opposite direction. OMG encodes a glvcoprotein, OMgp, which is expressed
only in the central nervous system in neurons and oligodendrocytes, and is displayed in CNS myelin (70,71). Although
growth suppression of NIH3T3 fibroblasts overexpressing OMgp suggests it plays a role in cell proliferation (72), its lack
of expression in the peripheral nervous system makes it a poor candidate. £VI24 and -B genes are more widely expressed
and predict a putative transmembrane protein of unknown function (73); it is not known if they are expressed in Schwann
cells, which appear to be the progenitor cell of a neurofibroma (11). EVI24 and -B are human orthologs of mouse loci
where retroviral integration causes mvcloid lecukemia. Further investigation, however, revealed that it was inactivation of
NF1, not the EVI2 genes; that caused the lcukemia (74). The identification of patients deleted for OMG, EVI2A, EVI2B or
a segment of NF/along with flanking sequences would be a dircct test of a role for these genes in the early onset of
ncurofibromas. Assuming exclusion of NI/ and the ecmbedded genes, the critical region is reduced to ~ 700 kb in length.
The 7 ESTs that we mapped to this region, and the sequence-ready contig will provide the basis for identifying and
characterizing the putative tumor-modifving gene. '

MATERIALS AND METHODS

Subjects. Paticents described previously include UWA106-3 (12,13), UWA69-3, UWA119-1, UWA123-3, and UWA128-3
(13). UWAI166-2 and UWAI169-1 (19), UWAI47-3, UWA156-1, UWAL160-1, UWA167-1, UWA172-1, and UWA176-1

" (K. Maruyama et al., submittcd). Table 4 includes clinical findings from thesc reports and more recent clinical evaluations.
This study was approved by the Institutional Revicw Boards of the University of Washington and Children’s Hospital and
Regional Medical Center, Scattle, WA. Immortalized ccll lines and human/rodent somatic cell hybrid lines carrying a single
human chromosome 17 were constructed as described previously (13).
BAC library screening. Marker loci were amplificd in the presence of **P-dCTP as described previously
(http://www.sanger.ac.uk). A cocktail of probes, 1x10°107 epm/ml hybridization solution each, was used to screen the
RPCI-11 human BAC library, scgment 4 (BACPAC Resources, Buffalo, NY, http://bacpac.med.buffalo.edu) by
hybridization. Membrancs were prehybridized in 25 ml of hybridization buffer (75) at 65°C for one hour, hybridized




overnight, and washed 4-6 times at increasing stringency, with a final wash of 0.2X SSC/0.1% SDS for 45 minutes.
Following autoradiography for 1-2 days at -70°C with intensifying screens, positive clone addresses were determined and
obtained from BACPAC resources. BAC DNA was isolated from 3 ml overnight cultures using the Qiagen Spm mlmprep
plasmid kit (Qiagen, Chatsworth, CA) according to the manufacturer's directions.
STSs, ESTs and generation of new markers. Loci were amplified either as described in the database entry or using a
program with an initial denaturation of 94°C for 2 minutes, followed by 35 cycles of 94°C for 15 seconds, 59°C for 15
seconds, and 72°C for 60 seconds, and a final extension of 8 minutes. Primers for the amplification of D/7S5117 and
D175120 were designed from partial sequence analysis of plasmid clones. D/75117 was amplified with primers 5'-
AGGATGGACTAGGATTCTTAGTG-3’ and 5°-GCTGTCAATCACCAAAGTCGAG-3 for D175117. D175210 were
amplified with primers 5°-CTCGAAGGTAGGATAGTGACAG-3" and 5’-GATAGTTTGAGCTCAGGAATGTG-3".
New markers were developed from the ends of BAC clone inserts. DNA was extracted from 300 ml of overnight
culture from selected BAC clones using the Qiagen MIDI prep plasmid kit (Qiagen, Chatsworth, CA) . BAC end termini
were sequenced using 0.8-1.0 pg of purified BAC DNA, T7 or SP6 primers, and BigDve terminator chemistry (ABI, Foster
City, CA). Nucleotide sequences were analvzed with Sequencher 3.0 (Gene Codes, Ann Arbor, MI) and primers were
designed (Table 2). .
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FIGURE LEGENDS ,
Figure 1. Hybrid mapping panel for NFiregion. The location of markers in the NF/ region are depicted, along with the
NF1 deletion previously defined in patients, with open bars representing the breakpoint cluster regions (K. Maruyama et al.,
submitted). Loci were mapped to one of five intervals, A through E, on chromosome 17 by their presence or absence in
human/rodent somatic cell hybrid lines. The hybrid line UWA106-3-#36 was constructed from NF/ microdeletion patient
UWA106-3 and carries a chromosome 17 deleted for the indicated segment (13). Line SP3-10 carries human chromosome
segment 17q11.2 to gter (76) and NF13 carries a segment from NF/ intron 27b to qter (77).

Figure 2. Physical contig of the NF/ region. The thick black bar is a schematic of the chromosome 17q11.2 region with
STS loci placed above the bar and genes and EST loci below. The BAC, PAC, and YAC clones comprising the contig are
shown above; open elipses are aligned with the loci on the chromosome schematic and indicate a positive hit in the clone;
sequenced BAC/PAC clones are indicated with an asterisk. Vertical bars at the ends of BACs represent insert termini that
were sequenced and submitted to Genbank, but not converted to amplimers. Scale in Mb is at the top of the figure. The
size and extent of microdeletions of NF1 patients are shown below the chromosome. The common NF/ deletion region was
identified in 14 out of 17 unrelated patients; while 3 patients had novel deletions as shown. The open boxes represent
flanking repetitive sequences (NF1REP) where the majority of breakpoints mapped.

Figure 3: NF1REP domains on chromosome 17. The locations of the three NFIREP regions, designated -P, -M, -D for
proximal, medial, and distal are shown along with the 5 loci they are known to contain. In addition, the closest unique
marker flanking each REP is indicated. The cross-hatched bar represents the 1.5 Mb region commonly deleted in NF/
microdeletion patients.
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Table 1: BAC/PAC clones from 17q11.2
e Genbank Size
s(c:!lt?::e Clone name accession#  (kb)
hRPK 110809
hRPK  268F2 AC006050 163
hRPK  994D8
hRPK  946G8
hRPK 271K 11 AC005562 199
hRPK  943L 10
hRPK  1124G9
hRPK  932D9
hCIT 335)2
hCIT 468F 23 AC004666 120
RRPK  1015C1
hRPK  915C15
hRPK 997D 19
hCIT 499120 AC004222 119
AC004526" 297
hRPK  1093P22
hRPK 109574 )
hCIT 41C23 AC003101 208
hRPK 1078113
hRPK  1126E16
hCIT 542822 AC004523 131
hCIT 307A 16 ACO03041 78
hRPK  S04A 12 ’
hRPK  999E22
hRPK 95306
hRPK  951F 11
hRPK  953C18
hRPC 144022
hRPK 952K S8
hCIT 347HS5 AC002119 109
hCIT 453H 10
hRPK 227G 15 AC005899 184
hRPK  1147M 22
hRPK  1100N24
hRPK  1103B 13 _
hRPC  29G21 ACO003687 141
hRPK  1037L15
hRPK  1106E7
hRPK  1152D 17
hRPK 1014116
hRPK 1144121
hRPK  1130A2
hRPK  1105A3
hCIT 304117 AC004147 139
hRPK  215E13 AC005549 147

hRPK = clones from RPCI-11 Human Male BAC library
hCIT = clonesfrom CITB Caltech Human BAC library
hRPC = clones from RPCI Human PAC library.

acontiguous sequence of two overlapping BAC clones




Table 2: New BAC-end derived loci

Locus Forward primer (5°-3°) Reverse primer (5°-3’) ?bllz;; ?:c':::; 4
F2-CEN GCTGGAAGCCACATTTGTCTG GCACACAAATTCTCTTGGGA i AC006050
F2-TEL TCCCCTTGCAGCATTGCTAT CAGACACTTCTCCCCTCTACCCT 150 AC006050
K11-CEN ACACTGCTGCTCTTCACCATTG CCACCCATGAGCAAGTTCG 150  AC005562
K11-TEL AGGTGTGAGCCACTGTGCACT GGCTCCCCTAGGAAGCTCC 200  AC005562
120-CEN CGAACTCCTGACCTCGTGATC ACCTGGTGTCTAGAGCTGATG 788 AC004222
F11-TEL TGAGACTGATTGTAGCAGAAGTC . ACCTGTGGCTGTTGAACACTTG 325 AF170177
K8-CEN GCTCCATGTTCCATGCTATGAG TCTTCTCCACTCATTCCTTTGTC 363 AF170179
G21-TEL TTAGTTAGAGCCCACCCCTCC CCATAGGTGTGCTGGCCAC 155  AC003687
A16-INT GGCCTCCAACTTGGTAGTCTG GTCTGCAAATGAGCTGACAAGCT 320 AC004523
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Table 5: Contiguous gene rearrangements involving low copy repeats

Rearrangement

REP

Disorder Location Type Size (kb) Size (kb) Transcripts in REP Reference
NF1 17q11.2 Del 1500 15-100 SH3GLP, WI-9461, stSG31654, this paper
st8G40093, WI-12393
VCFS/DGS 22q11 Del 2000/150 200 GGT, GGT-rel, BCRL, 45, 48
CES (Cat eye syndrome) Dup 0 V7-rel, POMI121-like
Williams syndrome 7q11.23 Del 2000 >30 GTF2I, IB1445 47
HNPP 17pi1.2 Del 1500 24 COX10 43
CMT1A Dup
Smith-Magenis 17pi1.2 Del 5000 200 TRE, KER, SRP, CLP 4
PWS/Angelman 15q11-13 Del 4000 50-200 S§GC32610, SHGC15126, 46, 49
SHGC17218, AOO6BI0,
MN7, AO0O8B26, HERC2
NPHP1 2q12.13 Dd 250 100 D251735, D252087 53

(Nephronopthisis type 1)
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